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Testing a 3D BCGS-FFT solver
against experimental data
P. Lewyllie∗ A. Franchois∗ C. Eyraud† J-M. Geffrin†
Abstract — In this contribution, an implementation
of a three-dimensional forward problem solver us-
ing a stabilized biconjugate gradient FFT method is
tested. Simulation results are compared to measure-
ments of 2D-TM, 2D-TE and 3D configurations.
1 INTRODUCTION
A 3D stabilized biconjugate gradient FFT solver
(BCGS-FFT) for a forward 3D scattering problem
was implemented. In order to examine its accuracy
in view of applying it in a quantitative iterative in-
version scheme, the implementation is used to sim-
ulate known measurement configurations. The sim-
ulated data are then compared to measured data.
In section 2, the algorithm is briefly discussed,
the measurement configuration is introduced and a
comparison is made with analytical results. In sec-
tion 3 the results of the comparisons with exper-
imental data are presented for quasi-2D dielectric
and metallic cylinders and for a cube.
2 METHOD AND CONFIGURATION
2.1 The BCGS-FFT Method
A three dimensional vectorial scattering problem in
the time-harmonic regime is considered – the time
dependence e+jωt is omitted. The scatterer is a
(lossy) dielectric object with relative complex per-
mittivity ²(r) and is embedded in a homogeneous
background medium with permittivity ²b. Start-
ing from Maxwell’s equations, the following integral
equation can be derived:
Einc(r) = Etot(r)− (k2b +∇∇·)A(r), (1)
A(r) =
∫
V
g(r, r′)χ(r′)Etot(r′)dr′, (2)
where Einc is an incident field, Etot is the total elec-
tric field, kb is the wavenumber of the background,
A(r) is the magnetic vectorpotential,
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g(r, r′) = exp(−ikb|r−r
′|)
4pi|r−r′| is the Green’s function in
free space and χ(r) = ε(r)−εb
εb
is the permittivity
contrast.
This equation can be solved with the classical
method-of-moments. However this causes a com-
putational complexity O(N 3). The popular BCGS
method solves this volume integral equation iter-
atively, hence bringing down the complexity from
O(N3) to O(K N2), with K the number of itera-
tions. When the convolution (2) is calculated us-
ing an FFT algorithm, this complexity is further
reduced to O(K N logN) and the memory require-
ments decrease to O(N) [1, 2].
2.2 The Measurement Configuration
The experimental data are from the Insitut Fres-
nel database at the CCRM (Centre Commun de
Ressources en Micro-ondes, Marseille, France). The
bistatic measurement setup consists of two horn an-
tennas, a transmitter and a receiver, placed in an
anechoic chamber, as depicted on figure 1. The
transmitter can move on a circular arc in a verti-
cal plane. The receiver moves on a 240◦ arc in the
horizontal plane. The measured target is placed
at the center of the sphere. Multiple views can be
captured by rotating the target.
The database principally contains data for quasi-
2D objects for which the transmitting antenna stays
in the horizontal receiver-plane. These measure-
ments are done in TM and TE polarisation, i.e.
the electric field is parallel or perpendicular to the
z-axis, respectively.
More details about the experimental setup and
the Fresnel database can be found in [3–5].
2.3 Comparison to analytical solution
The scattered field of a plane wave by a dielectric
sphere can be calculated analytically (using the Mie
series [6]). This solution is used to quantify the
accuracy of the BCGS-FFT implementation. The
parameters are a relative permittivity ²=3.0, ra-
dius r=4.0 cm, frequencies f=2, 4, 8GHz. At a dis-
cretisation λ/10 the normalized root mean-square
error (NRMSE=
√∑
‖E1−E2‖
2∑
‖E1‖
2
) is lower than 1.5%.
When taking a smaller grid, the added accuracy
doesn’t justify the increase in computation time.
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Figure 1: Bistatic configuration with rotating re-
ceiver and target.
λ/10 simulations should be sufficient for comparing
with measured results. Table 1 lists the NRMSE
for various discretisation levels. (The execution
times are merely an indication of the computational
burden, since for each simulation, the BCGS stop-
ping criterion was set differently, according to the
expected accuracy for that discretisation.)
λ/∆x NRMSE grid exec. time [s]
2 0.63 10x10x10 7
4 0.14 20x20x20 32
6 0.03 30x30x30 257
8 0.04 40x40x40 1283
10 0.016 50x50x50 1834
12 0.014 60x60x60 2524
14 0.013 70x70x70 7295
20 0.009 100x100x100 61000
Table 1: NRMSE for the simulated result for
a sphere compared to the analytical solution
(∆x=cell size)
3 COMPARISON TO MEASUREMENTS
3.1 Description of the targets
Three targets are considered: a quasi-2D dielectric
cylinder, a quasi-2D metallo-dielectric cylinder and
a dielectric cube.
As seen on figure 2, the quasi-2D dielectric tar-
get FoamDielExt consists of 2 homogeneous circular
cylinders with length 1.5m. At frequencies between
1GHz and 18GHz, this turns out to be a good 2D
approximation, even when the antennas are placed
at a distance of 1.67m from the target. The rel-
ative dielectric permittivity is 1.45 for the largest
and 3.2 for the smallest cylinder.
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Figure 2: Target FoamDielExt
The quasi-2D metallo-dielectric target FoamMet-
Ext is identical to the target of figure 2, except that
the smallest cylinder is replaced with a metal cylin-
der with diameter 2.85 cm. The dielectric cube has
a side of 8.0 cm and is made of polyethylene (²=2.4).
3.2 Normalisation of the data
To be able to compare the simulated field values
with the measurements, the simulated and mea-
sured scattered fields are divided by the simulated
and measured incident fields at the point immedi-
ately opposite to the source antenna (ϕr = 0
◦), re-
spectively. To calculate the incident field, the trans-
mitting antenna is modelled as a Hertzian dipole in
the 3D BCGS-FFT case. Because of the quasi two-
dimensional configuration, a 2D-TM conjugate gra-
dient FFT (CG-FFT) solver [7] was used as well, as
an extra comparison. In that case, an infinite line
source was used to create the incident field.
3.3 Dielectric cylinder measurements
In figure 3, the magnitude and phase of the scat-
tered field for one view of the FoamDielExtTM-
configuration at 4GHz are plotted. At this fre-
quency the cross-section of the largest cylinder is
the size of a wavelength, while the height is about
24 wavelengths. With discretisation λmin/10, a
NRMSE of 0.14 is obtained for the 3D simulation
(where λmin is the smallest wavelength, i.e. in the
small cylinder.) The 2D simulation has a similar
agreement in magnitude, whereas we see a better
phase agreement for the 3D simulation.
The discretisation in the z-direction causes the
number of unknowns to increase quickly. The im-
plementation allows for cuboid discretisation, i.e.
a different size for x-, y- and z-discretisation, but
since the algorithm uses a spherically averaged form
of the Green’s function [1], in order to weaken its
singularity, (nearly) cubic cells are recommended.
This does not mean a cuboid cell can not be use-
ful. In table 2, the NRMSE is listed for several z-
discretisation reductions, keeping a constant cross-
section discretisation ∆x = ∆y ≈ λ/10. We see
that for a z-discretisation ∆z = 4/3∆x, there is a
significant reduction in calculation time of this con-
figuration, while the resulting error stays the same.
λ/∆z NRMSE Nz time (s)
10 0.14 240 322
7.5 0.14 180 186
5 0.18 120 158
3.75 0.24 90 142
2.5 0.44 60 106
Table 2: NRMSE and cuboid discretisation (Nz is
the number of gridpoints in the z-direction)
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Figure 3: FoamDielExtTM at 4GHz
A good agreement between simulations and mea-
surements was also obtained with the TE polarisa-
tion.
3.4 Metallo-dielectric cylinder measure-
ments
We see whether it is possible to simulate metallic
structures by means of using an elevated value for
the conductivity in the BCGS-FFT. In figure 4, the
metallic cylinder was simulated with a conductivity
σ = 500.0. Higher values had no further influence.
Whereas there is a good agreement for the phase
for all the views, the difference for the magnitude
deviates up to 20%.
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Figure 4: FoamMetExtTM at 2GHz
3.5 3D dielectric cube measurements
The following figure 5 gives the phase and magni-
tude for the simulation and measured data at 8GHz
for the cube at position 0◦. At this frequency,
the object measures about 3 wavelengths in each
direction. Since this isn’t really large, the object is
discretised with a relatively fine cubic grid, λ/15.
The agreement is much better than in the previ-
ous cases (fig. 5), with an NRMSE of 0.10. Since
the discretisation cell borders are parallel to the
object surfaces, it will certainly help attaining this
agreement. Upon coarsening the discretisation, we
find that even with ∆=λ/5, we still have NRMSE
≈ 0.16, which proves again that the quality of the
experimental data is very high.
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Figure 5: Polyethylene cube at 8GHz
4 CONCLUSIONS
We compared simulated data created by a BCGS-
FFT method with measured data for different
quasi-2D and 3D configurations. We obtained a
good agreement between measurements and simu-
lations, especially for a 3D dielectric cube. When
the accuracy of the measurement allowed it, the dis-
cretisation could be coarsened, to allow for faster
calculations.
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